ABSTRACT: This work investigates the adsorption of cellulase (isolated from Aspergillus niger) in a fixed-bed column using chitosan/alginate particles functionalized with epichlorohydrin (Cs/Ag-E) as the adsorbent. The particles were prepared and characterized with respect to apparent density, particle porosity, particle size, surface chemistry and thermal stability. Cellulase solutions were prepared in sodium citrate buffer (20 mM) at pH 5. Several breakthrough curves were obtained by varying the flow rate and feed concentrations in order to evaluate the suitable bed height and determine the adsorption isotherm, respectively. The adsorption isotherm fitted well with Langmuir equation with maximum adsorption capacity of about 11 mg of cellulase/g of adsorbent. Successive cycles (adsorption/washing/elution) were performed and the results demonstrate the reversibility of the process and its potential for enzyme purification and separation. However, cellulase activity in the eluted fraction is only 29% of that of the fresh enzyme fed to the column.
INTRODUCTION
Brazil, particularly on the Northeastern regions, has an agribusiness-based economy, with fruit and sugar/ethanol extraction being the major food-processing industries. As a result, during the processing of biomass in these industries, large volumes of lignocellulosic wastes are generated, which must be properly disposed. Therefore, there is an increase in focus on the conversion of lignocellulosic biomass into ethanol as liquid fuel for transport, mainly due to the decline of oil reserves (non-renewable sources) and in view of its lower emission of pollutants into the atmosphere. Ethanol is considered as a cleaner alternative fuel compared with fossil fuels and it may be readily obtained from renewable sources under sustainable conditions (Olsson and HahnHagerdal 1996; De Bari et al. 2002; Huber et al. 2006) .
The conversion of lignocellulosic materials into ethanol happens in two steps: (1) saccharification (or hydrolysis) of cellulose to fermentable sugars, mainly glucose, and (2) fermentation of sugars into ethanol. However, before performing saccharification, it is necessary to degrade the crystalline structure of biopolymers to allow for the action of
The electrostatic attraction between the cationic amine groups of chitosan and the anionic groups of the alginate is the major interaction that leads to the formation of this adsorbent. By contrast, in an acidic medium, electrical charges of isolated sodium alginate are negative due to partial protonation of the carboxyl groups (pK a = 3.5) and chitosan will have protonated amine groups (pK a = 6.3) and a decreasing influence of positive charges without harming the gel structure and stability (Boissière et al. 2006; Goméz et al. 2006) .
Even though these biopolymers have been widely reported individually for purification of bioproducts (Shi et al. 2003; Hoven et al. 2007; Torres et al. 2007; Feng et al. 2009; Xu et al. 2009 ), very few records exist regarding their combined use for biomolecule adsorption. In the case of cellulase, to our knowledge, there are no such studies to recover the enzyme, apart from conventional salt precipitation techniques and ion-exchange or gel permeation chromatography using state-of-the-art polymeric resins (Avelino et al. 1999; Roy et al. 1999; Amritkar et al. 2004; Mirzaakhmedov et al. 2007; Wang et al. 2009 ).
Thus, the main objective of this study was to develop a composite chitosan/alginate biosorbent (cellulase from A. niger) chemically modified with epichlorohydrin (Cs/Ag-E) and examine its adsorption/desorption properties in a fixed-bed column. The biosorbent particles were characterized in terms of physical properties and surface chemistry. Adsorption, washing and elution experiments were performed to evaluate the recovery of the enzyme and its activity during each step of the adsorption process. The experimental procedure described in this work should be extended in future works for the purification of cellulase from real fermentation broths. 
EXPERIMENTAL SETUP

Chemicals and Reagents
Chitosan powder with 85.2% deacetylation degree and sodium alginate used in this work were purchased from Polymer Industries and VETEC, respectively. Epichlorohydrin used in the chemical modification of chitosan/alginate composite was purchased from Sigma. Cellulase from A. niger was supplied by Fluka. All other reagents were of analytical grade from different commercial brands. The solutions were prepared in distilled and deionized water.
Equipment Setup
Fixed-bed adsorption experiments were performed in a setup that comprised of the following: a peristaltic pump (model Q 400; Watson-Marlow), a 2.6 cm i.d. × 8 cm glass column (Model XK 26; Pharmacia), UV/Vis detector (model C-665; Büchi, Switzerland) and a fraction collector (model C-660, Büchi, Switzerland). Cellulase solutions leaving the column were collected every 3 minutes and total protein concentration was measured using an UV/Vis spectrophotometer (Thermo Scientific BioMate 3) at a wavelength of 280 nm. All experiments were conducted at room temperature (22 ± 1 °C).
Preparation of Cs/Ag-E
Approximately 10 g chitosan was dissolved in 400 mL acetic acid 5% (v/v) and mechanically agitated to achieve complete solubilization. Then, 40 mL methanol and 4 mL acetic anhydride were added. After 1 hour, 10 g sodium alginate was added to the mixture, which was kept under mechanical agitation for another hour. The solution was coagulated by adding NaOH (0.1 M) in a 1/10 ratio. The gel-like particles formed in this reaction were left in the solution for 4 hours and the solution is agitated moderately. The particles were filtered and washed with distilled water to remove excess NaOH. Chemical modification of chitosan/alginate gel was carried out in a glass reactor. Approximately 10 g gel and 100 mL dimethylformamide were added to the reactor and maintained at 60 °C for 30 minutes. Then, 0.8 g KOH dissolved in 3 mL isopropanol and 10 mL epichlorohydrin were added to the gel and agitated at 60 °C overnight, following which the Cs/Ag-E particles were washed again with distilled water until the pH becomes neutral.
Characterization of Cs/Ag-E
The average particle size of Cs/Ag-E was measured in a laser scattering particle size distribution analyzer (Horiba LA-900). The apparent density of the Cs/Ag-E particles was measured using a 10-mL graduated cylinder containing 5 mL distilled water. To this glassware, 1.0 g bioadsorbent (m ads ) was added. From the displaced volume (V), the apparent density was obtained by applying equation (1) as follows:
(1) ρ ap ads m V = Both procedures were performed in triplicate. The average particle diameter and apparent density values were found to be 357 µm and 0.904 g/mL, respectively.
The procedure suggested by Davranche et al. (2003) was followed in order to obtain the pH zpc . The pH zpc is the pH at which the adsorbent has a net zero surface charge. The adsorbent surface has a net positive charge at pH < pH zpc , while at pH > pH zpc , the surface has a net negative charge. For this purpose, two suspensions containing 10 g of Cs/Ag-E were mixed with 100 mL of 0.1 M NaNO 3 aqueous solution. Each suspension was titrated with 0.1 M HNO 3 and NaOH aqueous solutions, respectively, for a wide range of acid and base concentrations. A DM20 Digimed potentiometric instrument was used to measure the [OH -] and [H + ] concentrations. The total charge Q (mol/g) as a pH function was calculated from equation (2) ( 2) where c a (mol/L) and c b (mol/L) are the acidic and basic concentrations and m s (g/L) is the sample concentration.
In order to assess surface chemistry, the infrared absorbance spectra of natural chitosan, natural alginate and Cs/Ag-E were obtained using a Fourier transform infrared (FTIR) spectrometer (Bio-Rad) in the range of 5000-500 cm -1 , with a resolution of 8 cm -1 , using KBr cells of 32 mm and an optical path of 0.015 mm. The morphology of the surface of the samples was observed by scanning electron microscopic (SEM) analysis. The analyses were performed for natural chitosan, natural alginate and Cs/Ag-E samples, in order to verify the changes on the surface as a result of chemical modification. The lyophilized samples were first coated with gold and analyzed in the scanning electron microscope (model XL-30, TecSan), with optical zoom ranging from 1 to 5KX. Thermogravimetric studies (thermogravimetric assay or TGA) of natural chitosan, natural alginate and Cs/Ag-E were conducted in a TGA/SDTA 851 apparatus (Mettler Toledo), under N 2 (ultra-high purity: 99.999%) atmosphere and a gas-flow rate of 50 mL/minute. The analyses were carried out with temperature intervals of 25-850 °C and a heating rate of 20 °C/minute.
Fixed-bed Adsorption
The dead volume and porosity measurements
The column packed with Cs/Ag-E particles was assembled in the experimental setup and the system was characterized with respect to its dead volume and bed porosity, according to the procedure described by Silva Jr et al. (2005) . The dead volume of the system was measured by pulse experiments with 2% (v/v) acetone solution in the absence of the column (inlet tubing directly connected to outlet tubing). The dead volume accounts for all connections, chambers and piping from the injection point to the fraction collector, including the UV-Vis detector chamber. The dead volume was calculated according to equation (3) as follows:
where V m (mL) is the dead volume of the system, t m (minute) is the retention time of acetone in the system (excluding the column) and Q F (mL/minute) is the feed flow rate. All measured breakthrough curves were corrected by considering the dead volume. Pulse experiments with inert compounds of low mass molar and high mass molar were carried out to estimate the total and bed porosity (void fraction), respectively. The total porosity (ε T ) includes all void volumes within the column available to the fluid phase, both inside and outside the packing. The total porosity includes the bed porosity (ε) and the particle porosity (ε p ), according to equation (4) (4) The total porosity was measured by pulse injections of 2% (v/v) acetone solution for the system including the packed column. Because it is a relatively small molecule (58 g/mol) capable of penetrating all pores without being adsorbed, its retention time (t 0 ) is given by (5a)
The bed porosity was measured in a similar manner by pulse injections with 0.2% (w/v) blue dextran solution. This polysaccharide is sufficiently large (molar mass: 2,000,000 g/mol) not to penetrate the pores of adsorbent particles, and therefore, its retention time (t BD ) is given by (5b)
Evaluation of feed flow rate on column efficiency
A mass transfer zone (MTZ) is formed and travels along the column when a step change in the concentration of adsorbate is applied at the inlet of the bed. The MTZ length and the way it spreads out or remains unaltered as it moves in the column define the shape of the breakthrough curve and is a function of a variety of parameters, such as the adsorption isotherm, flow rate (or fluid dynamics dispersion), external mass transfer rate to the particles and diffusion in the pores (Geankoplis et al. 2003) . The MTZ is the bed portion of the adsorber where all kinetic and thermodynamic phenomena associated with adsorption take place (Namane and Hellal 2006). The effect of the feed flow rate on the length of the MTZ, and hence on the column efficiency, may be calculated as described by Geankoplis et al. (2003) :
where H total , H U and H UNB are the total column height, useful column height and unused column height (i.e. the MTZ length), respectively; t b is the breakthrough time (when the outlet concentration reaches a given fraction of the feed concentration, 2% in this work). Variables t U and t total are proportional to the breakthrough capacity and column saturation, respectively.
Determination of adsorption isotherm by dynamic method
Several breakthrough curves were obtained by varying the feed concentration of the cellulase solution. In all the experiments, the column was initially equilibrated with sodium acetate buffer (20 mM) at pH 5. Then, cellulase solutions were pumped into the column until complete saturation (i.e. outlet concentration equals inlet concentration). The adsorption isotherm was measured by the integration of the area above the breakthrough curve, according to equation (10) as follows: (10) where q* (mg/g) is the adsorbed concentration in the adsorbent particles in equilibrium with c 0 (mg/mL).
The Langmuir equation was used to fit the experimental adsorption data (q i *,c 0i ). This equation assumes that the adsorbent surface is homogeneous, adsorption takes place in a monolayer and there are no sorbate-sorbate interactions (Ruthven 1984) . The Langmuir equation can be written as follows: (10) where q max (mg/g) is the maximum adsorption capacity and K L (mL/mg) is the Langmuir constant associated to the binding energy.
Adsorption/elution experiments
Adsorption, washing and elution experiments were performed in a fixed-bed system. The adsorption procedure was the same as that used in the determination of adsorption isotherms. Initially the column was equilibrated with an appropriate buffer (enzyme not fed), followed by a step change in cellulase concentration until bed saturation (i.e. outlet concentration equals inlet
After that, the column was washed with the same buffer used in the equilibration step in order to eliminate excess cellulase in the fixed-bed system, particularly those present in dead volumes and inter-particle voids. The elution step was performed to remove the cellulase adsorbed in the particles of Cs/Ag-E. The elution buffer used in this experiment was sodium acetate buffer 20 mM pH 5 + 1 M NaCl.
Fractions were collected at the exit of the column corresponding to the adsorption volume, washing volume and elution volume and the enzymatic activity was measured for each of these three collected volumes, according to the procedure described by Ghose (1987) . The recovery of cellulase was calculated by comparing the activity of each fraction to the initial enzymatic activity. All the experiments were performed in triplicate.
RESULTS AND DISCUSSION
Characterization of Adsorbent
Some characterizations were performed in order to understand the complexation of chitosan and alginate. pH zpc of Cs/Ag-E was obtained by potentiometric titration, as described in Section 2.3. Figure 2 shows the total charge of the solid surface Q as a function of pH. In Figure 2 , one can observe that at pH < 4, the surface charge of bioadsorbent is positive and in the range of 4 < pH < 10, the surface charge of bioadsorbent is zero. Finally, at pH > 10 the surface charge is negative. Thus, these results indicate that, under acidic conditions (pH < 4), the positive charge of the bioadsorbent is likely to interact with negatively charged species and, in basic conditions (pH > 10), it will interact with positively charged species.
In this study, the gel is a polyelectrolyte complex (PEC) between chitosan and alginate with chemical modifications. Chitosan has a pK a = 6.3 and alginate has a pK a = 3.5. For the PEC, we obtained a large range of pH zpc (4-10), which can be explained by the interaction of protonated amino groups and carboxylic acidic and hydroxyl groups, which are negatively charged, resulting in a null surface charge over a relatively wide range (Figure 1) . Torres et al. (2007) reported the use of natural chitosan and chitosan modified chemically with glutaraldehyde, epichlorohydrin and acetylated chitosan in the adsorption of standard proteins such as bovine serum albumin and lysozyme. The pH zpc of such cross-linked materials with epichlorohydrin was in the range of 6-10. The inclusion of alginate in the composite (present work) is likely to have extended the range of zero charge to lower pHs because its pK a is 3.5.
SEM technique was applied to compare the surface morphology of natural chitosan, alginate and Cs/Ag-E surfaces. The results are shown in Figure 3 . Results of SEM analyses showed that both particles (chitosan and alginate) are smoother and not porous. However, the analyses also revealed that the presence of wrinkles in the modified structure, resulting in increased roughness, can contribute to increase in the adsorption of biomolecules. The FTIR spectrum of natural chitosan, sodium alginate and Cs/Ag-E particles are shown in Figure 4 . Chitosan exhibits main characteristic bands of carbonyl (C = O -NHR) and amine group (-NH 2 ) at 1654 and 1540 cm −1 , respectively. The broad band due to the stretching vibration of -NH 2 and -OH groups can be observed at 3400-3500 cm -1 , which was maximized especially for Cs/Ag-E. This high intensity is probably due to the interaction of hydroxyl groups on the chitosan structure with the ones on alginate structure. Three broad bands between 1300 and 1700 cm −1 are associated to amino groups due to symmetrical angular deformation. The peaks at 2900 and 1260/1000 cm −1 can be assigned to the C-H stretching and CO axial deformation, respectively. The peak that mostly characterizes epoxide groups is the one that is associated to axial deformation of C-O-C. This peak observed in Figure 4 , at 1120 cm −1 , has high intensity for Cs/Ag-E when compared with natural chitosan and alginate. The intensity of the peak associated with aliphatic amines (1250-1020 cm −1 ) decreased for the Cs/Ag-E particles, indicating that these groups have probably reacted with the epoxide groups (C-O-C).
The results from TGA are presented in Figures 5(a-c) for natural chitosan, sodium alginate and Cs/Ag-E, respectively. An analysis of the TGA curves shows that the degradation for chitosan and alginate samples occurred in three stages and for the Cs/Ag-E sample the degradation occurred in two stages. The first peak in all materials refers to loss of water, which occurred in temperatures < 100 °C, as a result of absorbed moisture and bound water, in agreement with the results reported by Kittur et al. (2002) . The second peak found for chitosan and alginate refers to weight loss due to the degradation of main chain and deacetylation for chitosan (Qu et al. 2000) and the third peak refers to the total sample degradation. In Figure 5 (b), the third peak for alginate is slightly higher than for chitosan and is comparable to the Cs/Ag complex [ Figure  5 (c)], resulting in 20% residual solids. This result shows that alginate contributes to thermal resistance of chitosan in the Cs/Ag complex. This improvement can be explained by the interaction between alginate and chitosan, which increases the binding energy due to the higher stability of alginate molecules.
Fixed-bed Adsorption Experiments
Measurement of dead volume and column porosities
As described previously, the dead volume of the fixed-bed system was measured by calculating the mean retention time of an injected pulse of acetone solution (2%) in the absence of column. The dead volume was found to be 2.16 mL. This value was considered in all other experiments. The total and bed porosities values calculated from the mean residence time obtained from the pulse experiments with acetone solution (2%) and blue dextran solution (0.2%) were found to be 0.80 and 0.29, respectively. The value of particle porosity was estimated using equation (3) and was found to be 0.72.
Effect of flow rate on column efficiency
Three different feed-flow rates were used (1.0, 2.0 and 3.0 mL/minute) with a fixed-bed length of 8 cm in order to investigate the effect of flow rate on column dynamics. The breakthrough curves for each feed-flow rate are presented in Figure 6 . As expected, the breakthrough and complete saturation occur quickly as the flow rate increases, but the spreading of the curve, which reflects the length of the MTZ, is slightly different. The useful and unused bed heights were calculated from the breakthrough time (time when c/c 0 = 2%) and total time and the results are shown in Table 1 . According to these results, it can be inferred that the maximum useful bed height occurs at a flow rate 2.0 mL/minute with 63% of bed length being available for adsorption. For a higher feed-flow rate, the MTZ becomes longer again (i.e. the useful bed height decrease) probably due to higher hydrodynamic dispersion. This implies that the intermediate flow rate (2.0 mL/minute) provided the shortest MTZ and hence the highest number of transfer units, which translates into the best column efficiency among the examined flow rates. 
Dynamic adsorption isotherm for adsorption of cellulase on Cs/Ag-E
Several breakthrough curves of cellulase adsorption were obtained at different feed concentrations. Figure 7 represents the breakthrough curves obtained for each feed concentration. The adsorbed concentration for each breakthrough curve was calculated from equation (9) in order to obtain the adsorption isotherm, which is shown in Figure 8 . A non-linear regression of the experimental data according to a Langmuir-type equation leads to the following:
Chen and Cramer (2007) investigated the use of hydrophobic interaction in chromatographic resins with different chemical ligands in batch mode to determine the adsorption isotherm of cellulase isolated from Trichoderma reesei. In this study, the effect of salt concentration was evaluated, which showed that the adsorption capacity increases with an increase in salt concentration. The maximum adsorption capacity was found to be 120 mg/mL using high-sub phenyl sepharose as the resin, 25 mM sodium phosphate (pH 7.0) as the buffer and by adding 1.4 M ammonium sulphate. Daouda et al. (2010) reported the batch adsorption of cellulase isolated from A. niger on commercial activated carbon with acetate buffer (pH 4.8). The authors investigated the effect of temperature on cellulase immobilization on activated carbon. The results showed an endothermic character of adsorption with an increase in adsorption capacity when the temperature is increased; the maximum adsorption capacity was found to be 2592 mg/g at 30 °C q 11.8 0.0655c 1 0.0655c = +
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Time ( with a retention rate of 70% of the native enzyme activity after performing up to five cycles of repeated batch enzyme reactions. It is clear that the adsorption capacities of these activated carbons and hydrophobic interaction resins are very high compared with Cs/Ag-E. However, it must be pointed out that the activated carbon was used for enzyme immobilization, which implies irreversible attachment of cellulase to the carbonaceous matrix. Such high uptakes are expected given the highly specific internal surface area of such materials, which may reach thousands of metre square per gram. As for the commercial hydrophobic interaction resin, reported by Chen and Cramer (2007) , our adsorption capacity is indeed much lower, but biocompatibility is likely to be better and production costs are potentially lower as well because the Cs/Ag complex is produced from biopolymers abundant in nature. In future studies, with a better control of the size of the particles, specific external surface area may be increased with a positive effect on adsorption capacity.
It is likely that the amount of cellulase adsorbed from fermentation medium is reduced with respect to the results obtained from model solutions. The selectivity of cellulase with respect to other biomolecules has not been tested. However, because each protein has its own pI, it may be possible-in principle-to tune the protein-adsorbent interaction by using adequate buffers (and hence control pH) so as to enhance the recovery of cellulase either in the adsorption/washing or in the elution steps. Table 2 shows a comparison between the adsorption capacities of Cs/Ag-E with other chitosanbased adsorbents for different adsorbates. It is possible to observe that the adsorption capacity varies greatly according to the type of chemical modification of chitosan, type of adsorbate as well as the experimental conditions. The molecular weight, solution pH, ionic strength and temperature are the parameters that have the greatest influence on the interactions between adsorbent and adsorbate. Figure 9 shows the concentration history of cellulase on Cs/Ag-E at the exit of the column for elution with citrate buffer (20 mM pH 5.0 + NaCl 1 M). The adsorption, washing and elution experiments were performed in a fixed-bed system to evaluate the recovery activity of cellulase with a feed concentration of 0.5 mg/mL. As expected, only one peak was observed in the elution profile with a rapid change in the concentration, which is probably due to a high salt concentration in the elution buffer. The enzymatic activity of the total effluent liquid collected at each step (adsorption, washing and elution) was measured and compared with the initial activity of feed solution and the results are presented in Table 3 . According to these results, nearly 30% of the cellulase fed to the column was recovered in the elution step while about 70% was wasted in the adsorption and washing steps. Despite the apparently low enzyme recovery, one should note that each step (adsorption, washing and elution) was carried out for the same amount of time under the same flow rate, so that the collected volumes in each step are the same (approximately 80 mL or the initial enzyme solution volume fed to the column). It is interesting to observe that the sum of the activities (U/mL) measured for the collected volumes in each step (adsorption, washing and elution) approximately equals that of the initial cellulase solution used in the experiments. Therefore, the enzyme suffered no significant loss in activity; it was simply diluted during chromatographic operation. In actual chromatographic operation, enzyme recovery may be optimized by reducing the duration of the adsorption (and washing) steps to the breakthrough time (e.g. c/c 0 = 0.05).
Adsorption/elution of cellulase on Cs/Ag-E
CONCLUSIONS
The performance of Cs/Ag-E chemically modified with epichlorohydrin was investigated in the adsorption of cellulase isolated from A. niger. Several experiments of adsorption/elution were performed in order to ascertain the suitable operating conditions of fixed bed, measure adsorption isotherm and evaluate the recovery activity of cellulase. Despite average recovery activity, this material shows good flow properties, reproducibility and reasonable adsorption capacity as well as no enzymatic deactivation. Therefore, Cs/Ag-E could be used in fixed-bed or expanded bed operation modes for purification of cellulase and other biomolecules.
